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inmsttmttonofW@.d-filmcoolingwasconductedin 2-and
4Anch-dismeta-shaight tti-eshexinghoned-~ surfaces withsir
flowsattemperaturesfrom8~0 to 2&l@ F anddismeterReynoldsnumbers
from220,000to1,1oo,ooo.Thefilmcoolant,water,wasinjectedata
singleaxLalpositiononthetube atflawratesfrom0.02to 0.24pound
l persecondperfootoftubecircumference(O.8to12 percentofthedr
flow].
. Correlationwasobtainedforheat-transferf m thehotairto the
l.lquid-cookbgfilmwiththe2-and4-5xLch-diametersmoth-surfacetubes
andwasthesameaswasfoundin a previousInvestigationwitha 4-531.ch-
Mameterrou@-surfacettie. Heat-transfercoefficientswereabout
20p=c=t lowerwLththesmmth-surfacetubesthanwiththerough-
sui-facetdbe.
Effectivenessofthecoolantwasdecreasedby coolant-filmdistur-
bancesh a 2-inch-dismeterWbe, aswasfoundh a previousimrestiga-
tionina 4-inch-dia7net-Wbe. Theapproximatecoolantflowabove
whichreducedcoolingeffectivenessresultedwaspredictedby a method
develqpedin a previousinvestigation.-
Allfilm-coolingdataobtainedwithsmoth-surfacetubesweregen-
eralizedby meansofheat-transfercorrelationa ddataobtainedover
a rangeof coolantflows.Thisgeneralizationof datafaclLLtatesthe
estimationoftheflowof molantrequiredto filmcoola tubefora
desiredlength,o- a widerangeofconditions,whenthetqperature
andflowofthehotgas=ekuown.
Ccnibustionchenikrsandductswhicharesdb~ectedto extremelyhigh
h heattransferfromflowinghotga8esmaybe difficultto coolby circu-
lationof a fluidovertheouterwalls.~ternakfikucooling,wherein
a coolantfilmisformedbetweenthehot~es andtheductwallto
..
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mahteinthewallatlowtemperature,maybe usedin suchcases.The
effectivenessofllquid-filmcooMngk reducingheattransferto rocket
llOZZkS audccdbustionchdberaIsdescribedinreferences1 and2.
Investigationsconcernedwithestalil.ishlngl quld-co@lJngfilmsfor
rocketenginesaredescribedInreferences3 and4; endreference4
summarizesworkonrocketheattransfer,sweatcooling)andfil.m
cooling.
.
.*
A generalinvestigationfInternal-1iquid-filmcoolingisbeing
conductedattheW2A Lewisl&boratoryto obtti correlationfexperi- 8
mentaldatathatwillallowpredictionsoffilm-coolantrequirements ?!
forspecificoolingproblems.Onephaseofthefundamentaltivestiga-
—
tton~lves film-coolJngexperimentswithhat-airflowsattempera-
turesto 2W0° 1’to determinethecoolingeffectivenessofwake films
ontheinnersurfacesof stral$htubes.Correlationwasobtainedfor
heattransferbetweenf- hotalrendliquidfilmsovera rangeof
alrflowandtemperatureforconstantcwlmt flowswitha 4-lnch-
M.amterstrsS.ghttube(reference5). Therelationbetweenliquld-
cooledareasadcoolantflowforgivengas-streamconditionswasnon- l
llnesrj theeffectivenessof a givenamuntof coolantdecreasedwith
tiessed coolantflow.Heat-transfercorrel.atlonsbtdzmdwere
thereforedependentuponcoolantflow.Reference6 describesa visual w-
tivestigatidnofliquldfilmsontheinnersurfacesof straightubes
—
inao-c~ t flowwithair. Thishestigationshowedthatasliquid
flowpercircmfermtialengthofttieincreasestheliquidfib
-s ~ (1)relativeQsmooth,to (2)slightlyrough,to (3)
ticreasinglyrough.Thesechangeswererelatedtothedecreasedcool- . .-
ingeffectivenesswith-eased coolaatflowwithfilmcml.ing.Ref-
erences7 and8 reportrelatedinvestigationsofco-currentliquld-gas
flow;therelativeflowratesinvestig@edwerenoth therange
encounteredinfilm-coolingapplications.
Mostofthedatareportedinreference5 wereobtainedwitha tube
inwhichthecoollagfilmwaspartlydisturbedby Instrumentationand
theinnersurfacedidnotWe a smothfinish.Datawerealsoobtu+
witha smoth-surfecetubeInwhichthefilmwasnotdisturbedby
tistrumentatlon,a dit appearedthatcorrelationstilartothatwith
therough-surfacetubebutwithgreatercmlingeffectivenesswas
obtdned. Thedataobtainedwiththistube,hawaver,wereInsufficient
to checkthecorrelation.Thedatawereobtainedwithonly4-lnch-
diametertties.
TheInvestigationfliquid-fIlmcoollngInstraightubeswithhot-
airflowswascontinuedattheLewislaboratoryb orderto: (1)check “ -
theheat-transfercorrelationpresentedInreference5 withadditiond
datah 2-end4-inch-diameterties,(2)determineifcooling-film
disturbanceswhichresultedinreducedcookhgeffectivenessin4-tich-
“
diametertubeshavethesameeffectina s~ tribeandIftheir
-—
NAC!ARME52B20
.
* occurrencecanbepredictedby a methoddevdopedinreference(3)generaMzethefilm-coolingdataby meansofheat-transfer
lationanddataobtednedovera rangeof coolantflows.
3
6,&
corre-
Thegeneralizationofallthefilm-cool.lngdataobtainedwithmmth-
surfacetubesis intendedto facilitatetheestimationovera widerange
of conditionsoftheflowof coolantreqtiedtofilmcoola tubefor
a desiredistancewhenthetemperatureandflowofthehotgasareIuLown.
The~erimentswereconductedin2- and4-~-diameterttieshav-
inghonedinnersurfaceswithhot-sdxflom att~eraturesfrom800°
to 2000°F andReynoldsnwibersfrom220,000tolJ.00,000.Thefilm
coolantw wat= Qected at a singleaxlslpositiaon thetubeat
flowratesfrom0.02to 0.24poundpersecondperfootof tubecticum-
ference(0.8to12percentoftheedrflow).Thelengthofttiecooled
by thewaterwasdeterminedbymeansofthermocouplesontheWbe OX
. surface.
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Thefollowingsymbolsre
cross-sectionalreaof
usedin this report:
film-cooledixibe(Sqft)
Prowtilomu.tyconstant
aveagespecificheatatconstantpressure(Btu/(lb)(%’))
insidediemeteroffilm-cmledtube(ft)
.
massvelocity(lb/(see)(sqf%))
heatofvaporlzattonfcoolant(Btu/lb)
me ~ ~PY ofMqtid coolantfra entihg condition
throughvaporization(Btu/lb)
heat-transfercoefficient(Btu/(see)(sqft)(%))
thermalconductivity(Btu/(Bee)(sqft)(%/ft])
I.@id-cooled1- (ftj
Preadtlnwiber,Cpp/k
.—
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Tg,l
Tg,2
Tg,a!
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M
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Reynoldsnumber,DG/IA
Stentonumber,h/CpG
tiontemperatureof gasstreamenteringfilm-cooledtuba
‘m ----‘
st~tlcn temperatureof gas-cool-mpor xoixhare(%)
=ithDEtiC ~ of Tg,landTg,2 (~)
temperatureofcoti beforeIn#ection(%!’]
temperatureofliquid-umlautsurface(assmedatsaturationte-
mperature)(%)
flowrate
Vlscosi.ty
Subscri@s:
(lb/see)
(lb/(see)(ft))
% gasstreem
c liquidcoolant
v cooledvapor
Fbw System
Theflowsystem(fig.1) isthesameasthatusedinreference5
exceptforthetestsections.It consistsessentiallyofthreeparts:
U
1 sourceofhotairata uniformtemperature,(2)testsectlone,and
3 explxnsicxlandeihaustBystem.TheW&air sourceconsistedofthe
airsupplyat a pressureof40poundspersqyaxeinchgage,a surge
chsmber~a Jet-engineconbustor,a mixingsectionwithorifice-and
t=get-mixinglxd’fles,ada calmingchaniber12 inchesIndismeter.
Testsectionsof 2-end4-inchdiameterswereused. Theymnsistedof
anhcmel approachsection40 inches10 , a coolantInJector,anda
film-cooledtie madeof~ 7witha 1 8-inchwall,48 incheslong.
Theadumstsectioncontaineda seriesofwat= spraysto quenchot
air;thissectimwasconnectedtotheIAbratoryexhaustsystem.An
expansionbellowsfnsttieddownstreamoftheexhauet-quenchingsprays
allowedforexpansimoftheapperatuswhenustngthe4-inch-tiamater
.
.
APPARATUS
. .—
.
*
*
—
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teOt section;the2-inch-dismeter--cooled t* fitted~to a P-d ,
.
housingto allowforexpsasionoftheapparatus.Theassemblyw sup-
portedatthe
downstreamof
~ector.
surgechsmiber,by rollerstandslocatedupstreamand
thetestsection,andby a ringstandattheLlquld
Coolant-~ection System
!F Thecoolant-~ectionsystemwassLsothesamesathatdescribedin
~ reference5. It consistedof a supplyreservulr,filters,a positlve-
dlsplacementpump,adjustablepressureregulators(whichcontrolled
flow),rotamet=s,andcool.amtinJectors.
.—
Thetwomolentfi~ectors(fig.2)werethosedescribedinref=-
.ence6j theywereOf”simiticonstruction.Eachconsistedof a metel
Mng wl.thslotsmilledIntotheinnersurfaceaboutthecircumference.
The2-aud4-inch-dlmetercoolantWJectorshad60and90 slots,
a respectively.Holes0.013inchindiameterweredrilledthroughthe
ringintoeachoftheslots.A housing,whichprovideda supplysanulus
forthecoolsnt,fittedoverthering. Thecoolestsuppld.edtothe
annulusflowedthroughthe9mallholesIntotheslotsandthenthrou@
theporous-clothllnerontothesurface.Thesmallholesmeteredthe
flowintoeachslot,tiusprmidinga mlformdistributionftheflow
*ti thecirctierence.Theslotsspreadthecoolantflowovera
largearea,therebyreducingtheflowvelocity.As thetier wasvery
porous,itdidnotrestrictheflowbutprovideda surfaceontowhich
themolmt flowedat lowvelocity.Thealrflowoverthesurfaceof
thei@ectorcarriedthemolantdownstreamalongtheinnersurfaceof
thefilm-cooledtube.
Film-CooledTubes
Twofilm-cooledtribeswereusedfortheexperiments,one2-irLch
andtheother4-5JlchinsideM.@lleter.Bothtubeswerel/8-inch-wall
Inconeltubes,46 Incheslong.The4-inchttiewasimsulatedwith
3 inchesofhi@-temperatureFiberglassinsulation.The2-inchttiewaa
notinsulatedbecauseofMfficultyin =s~~j the estimatedheatloss
fromthetubewasnotlargeenoughto effecthefilm-coolingresults.
The4-inch-dismeterubewasthesmooth-surfacetubedescribedtiref-
erence5j Itwasa seamlesstxibehonedto obtedna tih 5nsMe surface.
The2-inch-&l.ametertubewasfinishedb thesamemanner.
l
.
hstrumentatim
Flowrate.- Airflowsweremeasuredwithin2 percentby mesnsof an
orificeconfomd.ngto standardA.S,T.W specificationsanda Mf’ferential.
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water
means
,
Inemmeter. Coolantflowsweremeasuredwithin1 to
ofrotametem.
4 percentby d
Pressure.- Sh3ticpressureinthe’edrstreamwasmeasuredinthe
~roach section3 IndL&upstreqnoftheCO* injectorby mesasof
a mercurymemmetcw.Themessurementswereusefulin determbing
approximateairdensitiesandvelocitiesandboilingtemperatureofthe
fihncoolant.
TemPerature.- Airtemperaturesweremeasuredbymeansof chromel-
alumelthermocouplesanda self-balancingpotenticimeter.Rakescon-
tedn@g20thermocoupleswerelocatedtithecalmlngsection,anda rake
contatig fourthermocouplesforthe4-inchtestsection‘sadonetherm-
ocoupleforthe2-inchtestsectionwasplacedintheapproachsection
3 inchesupstresmofthecoolantW ector.Theestimatedaccuracyof
sir-temperaturemessurementsvari~ from+12°F at800°F to +25°F at
20000F. Thesevalues-e determinedfia a consi-tton of instru-
mentaccuracy,wirectibration,radiationandconductionheatlosses~
andfluctuationsoftheair-streemtenQeratureduringruns. The
recoveryfactorforthethermco~leslocatedintheappro- sectionwas
foundtobe intheorderof0.9(reference5). Becausetherecovery
factorwashigh,thetotalt~atures asmeasuredby thermxouples
h theapproachsectionwereused;thedifferencesbetweenthet~era-
turesusedendtheteaqperaturesobtainedby correctingonthebasisof
recoveryfactorwerelessthen1 percent.Walltemperaturesonthe
film-cooledtubeweremeasuredby mem ofchrcmel-alumelthermmqples
anda recordbgpotetilcmeter.Thethermocouples,ubichwerewelded
totheoutersurfaceofthethe, werespacedalongthelengthofthe
tdbeat eightpositionsaroundthecircumferenceofthe4-inchtube
(tdble1) * fourpositionsUOundthecircumferenceofthe2-inch
tube(tableII). We3Ltemperaturesw’g?emeeauredby thesethermocouples
withinSLOOFl
PiocJmmE --
OperatingConditions
Theoperatingprocedureconsistedinse&Mngcoolankflow,airflaws
andalrtemperatureat desiredvalues,allowingsufflci-timeforcon-
ditionsto stabilize,endrecordin8thedata.*cue thec~~ti~
gasesresultiagfrom-theburnhgof gasolheto
emourrbtomorethena fewpercentageoftheair
was~roducedby Usingthephysical.properties
gasflow. Theoperatingconditionscoveredthe
.
*
.
.. .
-.
heatthealrdidnot
flow,negligibleerror
l
of alrforthetotal
followingranges: .—
.
,
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G Airt~eraturea,OF..... . . . . . . . . . . . . . . . 800-2000
Airflow,lb/see. . . . . . . . . . . . . . . . . . . . . . 0.89-6.5
Cool.sntflow,lb[sec. . . . . . . . . . . . . . . . . . . . 0.01-0.21
Cmlsnt-fbwrate/air-flowrate,p=cent . . . . . . . . . . 0.8-12
CoolaatflowperCircumferentlela@h, lb/(see)(f%).. . . 0.02-0.24
% approachsection3 in.upstresmof coolant~ector.
TheseconditionsgivethefollowingvaluesW theapproachsection
# 3 inchesupstreemofthecoole@injector.Vsluesof specificheatfor “
o airwereobtainedfromreference9 andvaluesofthermalconductivityandviscosityforairwereobtainedfrcmreference10:
Reynoldsnmiber. . . . . . . . . . . . . . . . . . ..220.000-L.100.OOO
Machnuniber. . . . . . . . . . . . . . . . . . . . . . 0.5-0.7
Prsndtlnmber.. . . . . . . . . . . . . . . . . . . 0.63-0.70
Airmassvelocity,lb/(sec)(sqft) . . . . . . . . . . 39.4-81.7
Mrvelocity$ft/sec. . . . . . . . . . . . . . . . . 10CQ-17OO
l
I@uid-CooledLength
COoldngeffectivenesswasdeterminedby plottingthewalltemp~a-
turesofthefilm-cooledtubeaa a functionof distancefromthepofit
of coolantinjection.A typicalplotfroma runwiththe2-inchtfie
is ehownlnfigure3. Thettibe-walltemperaturemdnsbelowtheboil-
5ngtemperatureofthecoolant(water]forapproximately16.5=es
down.etresmof cooled~ection, risesto thebdlg temperature,nd
thenrisesrapidly,approachinga valuenearthestagnationterqperature
ofthegascoolant-vqpormixture.TheMquid-ccaledMn@h II (fig.3)
is determinedfromanaverageofthedistancesforwhichthewaJl
remainedbelowtheboll.ingtemperatureofthecci31.sntatthefourcir-
Cuplferentialpositions.Similarplotsareobtainedforthe4-inchtube
(shownb reference5),andtheliquid-cooledlengthis determinedfrom
an averageoftheei~t clrcum+krentlslpositions.Forthe4-tichtube,
theagreementoftheliquid-codledlengthfortheeightcircmferenttal
positionswasulthlnabout10 to M percent;atverylowcmlantflows
greatervariationoccurred.Forthe2-- ttie,evend@tributionof
thecoolantwasmoredifficultto achievej agrementofliquid-cooled
lengbhsforthedifferentpositionswasgenerald.ywltldnabout25per-
cent,butb manycasesoneofthefourpositionswoulddifferfromthe
othersby asmuchas40percent.
# Onereasonforthespreadofthedataon the2-inchtie waathe
relatd.veeffectof gravity,whichtendsto decreasetheproportionate
filmthichessinthe~er portionsofthehorizonte3tube,thus
.
resultingin shorterliquid-cooledlengthsmere. Thiseffectwasnot
noticeable.formostof theexp~s withthe4-inchttieandwas
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slightfortheotherexperhmts. Theeffectof grawity inthe2-inch
tubewasnoticeableinalltheexperiments,butthemagnitudeofthe
gravityeffectcouldnotbe determinedaccuratelyformet ofthe
experimentsbecauseconsistentev= distributionfthecoolantintothe
tubewas* obtdned. Theeffect,however,resultedinthell.quld.-
coolxdlengthsintheupperportionofthetubebeingfi%m5 to 20per-
centshorterthenthoseinwe lowerportion.FortherunplottedIn
figure3,theIlquld-cooledlengthsintheupperpositionswereabout
15percentshortertheathoseinthelowerpositionsofthetube. No
trendsinthe_tude ofthegravityeffectme noticeablewiththe
differentgeaendcoolantflowsinvestigated.Gravityeffectswereof
ineuffichntmagnitudeto tiectthetrendsobservedInfiJmcooling.
.
C=bonDepositicmonFilm-CooledTube
Eachtimea run wasmadecarbonwasdepositedaroundthe* sur-
faceofthet~e imedlatelydownstreamofwhereliquidcoolantceased
fora Wstanceof about1/2inch. C~bon didnotformonthesurface
coveredby theliquidfiJmnorfurtherdownstreamwherethesurface
becemehotter.Thesedepositstilldisr@ a liquldfilmandthereby
reducecoolingeffectiveness;therateof cerbondepositionandthe
resultlngeffectwereconsiderablygreaterinthe2-inchtubethanIn
the4-h2h tube.Forthesereasonsalltheexperimentsh the2-tich
tubeweremadewiththeliquid-cooledlenglib.foreachsucceedingrun
lessthenonthepreviousrunsothatthedepositscouldnottisrupt
thefi&n. Aftereachperiodof.running,itwasnecessarytoremve
andcleanthettieof carbondepositsbeforefurtherunningatlong
liquid-cooledlengthscouldbe made. Mst oftheexp=imentsh the
4-inchtubewerealsomadeus- thisprmedurejfortheotherexperi-
mentsthecarbondepositionwasnotgreatenoughto reducellquid-
cooledlengthsmorethana fewpercent. —
ReproducibilityofResults
Considerationf12 differentrunswiththe4-inchtubeshowed
thatreproducibilityof liquld-cooledlengthattheseinexperimental
conditionswasulthin5 percentjreproducibilityy withthe2-inchtube
waswithin5 perce?rbforsixrunsJ butvlsriatbnsof15p“ercentwere
obtainedwiththreeothers.Measurementsof liquid-cooledlengthwith
thesameexperimentalconditloneto deterndnereproducibilitycouldnot
bemadewIthotidlsassembl.yandcleaningofthefilm-cooledtubebecause
of carbondepositsonthesurface~ whichreducedcoollngeffectiveness.
Thereasonforthelargevariationsdurhg someoftherum tiththe
2-inchtubeisnotknown,butitisbelievedtobe dueto sldghtchenges
h alinementbetweenthecoolantinJectorandtubewhenreasseniblywas
made,whichin somecaseswouldreducecooling effectiveness.
—
.
—
—
—
—
—
--
.
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RESUKISANDDISCUBSIOHk“
EffectofCoolantFlowperClrcumfererrtieLLength
onI&@d-Cooled?Len@h “
Liquid-cooledlengthinthe4-inchIaibeisplottedas a functionof
coolantflowpercircumferentiallengthh fQure 4(a)fordtfferentcan-
s
startgas-streamconditions. Dataareshownfromreference5 atthree
8
differentgaStelI@=S,tUreEiwithapproxlmxtelythessxlegSSflowjalSO
shownsreadditionaldataat dMferentgasflowswiththesamegastem-
perature.Foreachofthedift%rentgas-stresmconditions,therelation
betweenIlquld-cooledlengthandcmlantflowperunitcircumferential
lengthi8mmMnear andshuwsthe,sametrends.Thecoolingeffective-
nessofa givenamountofcoolantisgreatestat thelowcoolantflows)
decreasesappreciablyintherangeofcoolantflawbetween0.05and
0.09poundpersecondperfoot,anddoesnotchangegreatlyat the
higherflowsl
0
Liquid-cooledlengthb the2-incht~e Isplottedas a functionof
coolantflowpm circwd%rentiallengthb figure4(b)fordifferent
. constantgas-stremnconditions;datah the4-inchsmooth-surfacetube
fromfigure4(a)arereproducedforcomparison.Eachof thecurvesshows
thesametrends,andthelargedecreaseincoollngeffectivenessoccurs
inthesameregionof coolantflowper cticumferentiallengbh.
Thedecreaaein cooling effectiveness encounteredinfilmcooUng
wasrelatedto disturbancesofthellquld-coolant film(ref=ence6],
andanalysisoftheflowsystemgavean explanationfortheformation
ofthesedisturbances.Conditionsfortheformationof filmdistur-
banceswerefoundtobe dependentchieflyontheliqufdfluwpercir-
cumferentiallengthofWe andliquidviscosity;thesewereexpressed
by a flow-rateparameterWc/nDpc.
Valuesoftheflow-rateparameter,determinedforcoolantflows
representingmediansoverwhichmzrkedchangesIncoolhgeffactive-
nessoccurfm?thecurvesof figure4, varybetween265and450.
CorrelationofHeatTransfer&am Hot -S to LiquidFilm
fm ConstantCoolentFlowperCircumferentialLength
b Heat-transfercorrelationwasmadetithemannerdescribedInref-
erence5, exceptthatthegastemperaturesu edwerean arithmetic
meanbetweenthealrtemperatureat thetubeentranceandtheatr-
coolant-vapm?equilibriumtemperatureInsteadof entrance-airtempera-
tures.Differencesbetweenentrance-airtemperaturesandaveragetem-
peraturesInthefilm-cooledtubewerenotlargefortheexperiments
ofreference5,whichwereW conductedina 4-inchtube.At the
10 NACARME52B20 _,,“ _
gas-coolamtflowratiosforthe~erimentsinthe2-inchttibe,theMf -
ferenceswereconsiderablygreaterandthenecessityforusinga mean
1
gastaqperatureforthecorrelationwasevident.Eeat-transfercoef-
ficientsbetweenthehot-gastrewnandtheliquld-coolingfilmwere
calculatedasfollows:
r 1
where
‘g,a =
and Tg,2 is calculatedfromthe
2
followingheat
[ 1[~g Cp,g@g,l-Tg,21 = WC % + %,ctil-%)
Thecorrelationreportedh reference5 was
(1)
(2)
balance:
1+%JTg,2-%) (3)
obtaind with a 4-imch
tubeinwhichthecool& filmwaspartlydisturbedby instrmentatlon
andtheinnersurfacedldnothavea emmthfinish.Theapproximate
relationobtainedatthreedifferentcoolantflowswas
TheRendtlnuniber~onent of -0.6wasassumedfrom
transfercorrelationsbecausethePrandtlnmiberdid
fortheruns.
(4)
commtionalheat-
notvaryappreciably
Figure5 showslog-logplotsofStantonuniberdividedbyPrandtl
nuniberraisedtothe-0.6poweragainstReynoldsnumberforresults
obtainedin 2-end4-inchsmoth-surfacetubes(theinnersurfacesof
theseWbes werehoned].TheresultshownIncludedataobtdnedwith
thefollowingconditionsatthetubeentrance:Air-streamt~eratures
frm 8000to 2000°F, massvetici.tiesoftheairstreemfrm 39.4 to
81.7 poundspersecondpersquarefoot,andReynoldsnudbersfrom
220,CXXIto 1,100,000.Figure5(a)showsdataobtaiaedat a cooledflow
of0.116poundpa secondperfootofWe circumferenceh both2- and
4-inch-*ter taibes.Dataobtainedin a 4-inchrough-surfacetube
@%rence 5) ere shownforC_lSOllj thedatawererecalculatedfrcm
l
.
l
.
.
-b
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a-age gas-streamtemperaturesinthefilm-cooledtubeinplaceof
entrance-~rtemp=atures.Therelationobtdnedwiththesmooth-
surfacetihesisqpproxfmatelythesameasthatfortherou@-surface
tribe(slopesweredbout0.05to O.07),butheat-transfercoefficients
areabout20percentlesswiththesmoth-surfacetfies.A compexison
ofdataobtad.nedattwoMfferentcoolantflowsinthe2-inchsmoth-
surfacettieis shownh figure5(b).Therelationappearstobe the
samewitheachofthecoolantflows(approximatelyO.07)andheat-
transfercoefficientsme hi@er atthehighcoolemtflOWjthesetrends ‘
arethesameas obthinedwiththe4-inchrough-surfacetube.
..-
,
Datascatterforthesecorrelationsi h thesameorderofmagni-
tudeasreproducibilityofllqtid-cooledlengthwithconstantestcon-
ditions.Thegreatestsmunt of scatteroccurr~betweendifferent
periodsof rumlngandwasprobablycausedby theeffectof reassenlbly
ofthecoolant~ector afterclex of thefilm-cooledtubeas des-
cribedpredouslyinPMKEWRE.
GeneralizedPlotofFilm-CooMngDataBasedonHeat-Trensfer
CorrelationatconstantCoolantFloww
circumferentialLength
A generalizedplotof film-coolingdatawhichwasbasedontheheat-
tranefercorrelationa ddataobtainedat differentcoolmtflowswas
presentedinreference5. Cmlentflowma plottedagainstermswhich
includedgas-streamandcoolautvarlahles, tubeMmension,andfilm-
cooledarea. Investigationhasshown(reference6)thatheat-transf@
coefficientsclzmgewithcoolantflowpercticumferentiallengthof
tubebecauseof theoccurrenceof coolant-filmdisturbances;a gener-
alizedplotwiticoolantflowpercircumferentiallengthastherefore
beenmade.
Theeqyationfortheheat-transfercorrelationwtththesmmth-
surfacetubes(fig.5(a)] is
(6)
m
wheretheproportionalitycons= a
cumferenttallength.Stistitut~the
ficient(equation(1))in equation(5)
variesWithcoolantf&w perciJ?-
equationforheat-traasfer coef-
sndrearrangingyield:
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w=
— -(L)(Qg)“gSm %&a-%)(m y(a)g-o “6 (6)
Thisrelationisplottedinfigure6 foralldataobtainedwith
smoth-surfacetubes;coolantflowpercRcumferentIal.lengthoftube
Isplottedagainstliquid-cooledlengthandgasandcoolantvariables.
Thecurveshowsthesametrendsas thecurvesoffigure4; cool-
effestivenessperflowofcoolantdecreasesap~eciablyIntherangeof
waterflowbetwaen0.05and0.09poundpersecondperfoot. Eecause-
wave-llkedisturbancesoccurona liquid-coolingfilmwhenthecoolant
fluwperclrcumfe~tialengthoftubeexceedsa certainvalueandthe
resultIsa decreaseInfilm-cooledsxeaperunitflowof coolaut,“it
maybe d.esirdbleinmenypracticalexplicationsto ldmitthecoolant
flowintroducedatmy one~al positionandto fitroduceItat several
axialpositionsoyertheareatobe cooledinorderto achievethe
desiredcoolingwithas littlecoolantflowaspossible.
Figure6 Isconvenientfordeterminingthewaterflowrequiredto
maintainliquid-fticoolingf= a desiredistanceina straightube
withfullydeyelopedturbulenthot-gasflows,to 200b0F enteringthe
tube.Figure6 Isalsousefulto estimtefilm-coolantrequirements
forconditionswhichhavenotbeeninvestigatedexperimentallyandto
actas a guideforcm?relatlngdataobtainedfkcunactualapplicatims.
Furtherese=chisrequiredto determineifgasteqeratures
greaterthanK%@ F willalterresultsaspredictedfromfigure6
besidestheeffectof increasingheattransferdueto radiation.Cool-
antrequirementsobtainedfromfQure 6 aocountfortheheattrsas-
ferredfromthehotgasto theliquidfilmby forcedconvectionalone
endnotby radiationtotheliquidfilmorto thetubewall;additional
coolantisrequiredwheretheheattransferredby radiationIsappreciable
Iftheamountofheattrmeferredtothettiewallby radiationwere
largeenoughto resulth a walJ.t~eratureconsidemiblyabovethe
saturationtemperatureofthecoolsnt,it ispossiblethatadditional
coolantwould.be lostbecauseof Msturbsnceofthellquldfilmcaused
by thefommtionofvaporbubblesunderthefilm.
Resultspredictedfrcmfigure6,whencoolantshavingviscosities
endsurfacetensionsconsiderablydifferentfromthoseofwaterareused,
aredoubtfulbecauseoftheeffectofthesepropertieson theflowcon-
ditionsof theliquidfilm. InvestigationsdescribedInreference6 show
thatthechangb.gflowconditionsoftheliqpldfilmwith-reased val-
ues@ liquidflowpertubeclrcuderentiallength(etidencedhy the -
occurrenceofturbulentordisturbedfluW)resulth thevariationin
coollngeffectimnesswithticreasedcoolantflow,whichcanbe seenIn
—
.
l
.
.
u
.
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L figure6. The investi~tion d.EO showedflowpercircumferentlallengthatwhich
natureofthedisturbedflowdifferwith
xi
that thevaluesofcoolant
disturbedflowbeginsandthe
theviscosityandsurfaceten-
sIonoftheliquid.Littleislumwnoftheextenttowhichchangesin
thesepropertiescanaffectthefIlm-coollngresults,but~erlments
describedInreference5 indicatethatfcmrelativelysmallchangesIt
isnotextremej no appreciableeffectontheresultswasfoundwhen
ethyleneglyco.1wasusedasthecoolant,andi-thada viscosi@ about
~ timesthatofwaterat liquid-filmtemperaturesanda lowersurface
tensIon.
Gas-flowconditionswithmanyapplicationsof filmcoolingsre
considerablyMf’ferentthenthoseoftheexperimentsreportedherein,
andlargedifferencesbetweenthefilmcoolingobtainedin suchcases
endthatobtednedintheexperimentsarepossible.Forexample,in a
rocketengineccnubustbnchembertheeffectsofthecmbustionprocess
andtheshortlengthofthechaniberw53.1not-w conditionsappro~-
.
mMng fullydevelopedturbulentvelocltyand_ature distributions
aswiththeexperlulents.
. Othffconditionsthataremeth practicalapplicationsoffib
coolingandWhichneedexp~ investigationUe theuseof fib
coolantstichwlll burninthegas streatuandchan@ngmtiourofthe
flowduct.
An exampleisgivenintheappendixtoillustrate theuseof fig-
ure6 fordet-dninn filnkcoolantrequirementsforconvectiveheat
trausfer.Therelationplottedisrepresentedquitewellby thefol-
==~~ti eq=tionwhichx be usedforconvenienceinplace
:
x= o.oo13(r)& - 0.007
where
x. $ (abscissaof ftg.6]
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Iugeneral,becausea
inflight,theapplication
enginmappe=sUnd.tedto
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filmcoolantmustbe carriedasaddedwetght Jfinternal-filmcoolinginflight-propulsion
conditionswherepropulsiveenergyisderived
fiOIIlthefillllCOOlaIlt ill additiontO itscoo- f~ctionam to con~- - -
tlonsofhighheatreleasewheremre conventionalcoolingmethodsare
inadequatel TheuseoffilmcooldngInsomerocketenginesIsan
-~ ~ whichtheseco@tions app~. ---
SUMMARYOFRESULT8
An investigationofliquid-fW coolingwasconducted.in 2-and
4-inch-dismeterst al@ttubeshavinghoned-@nersurfaceswithalr
fluusattemperaturesfrom800°to 2000°F anddiemeterReynoldsntnu-
bersfrom220,000to1,100,000.Thef~ cml.emtwaswaterwhichwas
~ected ata simgleaxhl positiononthetubeatflowratesfrom
0.02to 0.24poundpersecondperfootoftdbecircumference(O.8to
12percd oftheairflow]l CooMngeffecti.v~sswasdeterminedby
meansofuall-teqp=aturem asurements.Theresultsofthe~eri-
mentsaresmnwrizedasfo3Jaws:
1.Correldionwasotdxdnedforheattiansferfromthehotatrto
theMquid-coolingfh with2-end4-inch-diemdersmooth-surface
tubesandwasthesameaswasfoundtia previousinvestigationwtth
a 4-inch-disn&erro@-surfaceWbe; heat-transfercoefficientswere
about20percentlowerwiththesmooth-surfacetubesthsntiththe
rough-surfacetube.
2.Effectivenessofthecoolsmtwasdecreasedby coolant-film
disturbancesIna 2-imh-dlsmetertubeaswasfoti in a previous
investigationina 4-hch-diemetertube;tiee@proxlmatecoolantflaw
almvewhichreducedcoo13ngeffectivenessresultedwaspredictedby a
mathoddevelapedIna previousimvestlgatton.
3.AllfUm-coolimgdataobtainedwithsmooth-surfacetubeswere
genera13.zedby meansofheat-trsmfercorrelationa ddataobtatned
overa rangeof coolantflows;thisgmaUzation of datafacilltates
theestimationfthequantityof coolantrequiredtofilmcoola
tubefora desiredlength,overa widerangeofconditions,whenthe
temperatureandflowofthehotgasme known.
NationelAdvisoryComitieeforAeronautics
LewisFli@t PropulsionLaboratory
Clemll%nd,Ohio
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To DmERbmm
lIt isdesiredto determinethecmlantflowrequiredto fiJmcool
a 4-hch-diamet~tubewithwatersupplledat10@ F fora distanceof
1 footwith* flmingthroughtheMe at3 poundspersecondend
entertngat 2000°F andwiththepressureinthethe at300pounds
persquareinchabsolute.Propertiesforairwereobtabedfromref-
erences9 and10,endproptiiesforwaterandwatervaporwereobtained
fkomreferenceU.
BecausetheaveragetenpsratureTg a cannotbe calculated(equa-
tions(2)and(3) withoutknow3ngthec&obmtflow;a firstapproxi-
mationofthecoolantflowismadefromfigure6 by calculatingthe
ordinateoffigure6 withtheairtemperatureattheentranceofthe
the Tg,l,whichinthiscaseis Xlm” F, b placeof 5!a.a end
withthe-physicalproperties
.
nate Y offigure6 is
.
L.
Gg=
%>g =
%,1-
N.L
1.0ft
!k=—
~ 0.:73 = 34.4
ofti at thatteqerature.“b. ordi-
Calcqtea frwlthefollowing:
Ib/(see)(Sq ft)
0.283Btu/(lb)(OF)
1.01(417-100)+ 808= 1129Btu/lb
(Re)gO”==~~”m=(&&o-6)0=05 =L89 ~
(Pr)g4”6= (0.627)-”6= 1.33
(y = (1.0}(34.4)O“=u(p 9 (1.89)(1.33)= 34.3
Fromfigure6,lf~dl= 0.057poundpersecondperfod and
Wc = o.057xl#3= 0.059.
16
Fromeqpation(3)endwiththeuseof
calculated.Successiveamnxxbuations&e
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thiscoolantflow Tg,2 iS t
somet5mesnecessmybecause
--
speclflc-heatvaluesareaveragesforthet~eraturegradients.For
thefirstappro~tlon, thevaluefor ~,g istakenat Tg 1 end
.-—.4
thevaluefor C$~ istakenat m average-betwe=Tg,l ani Ts:#
[
Wg Cp,g(Tg,llTg,2j
[ .130.283(2(x)0-Tg,2)
[ 1(T-T ) +cp,v(Tg,#s)=~c%+cp,c s i
[ 1= 0.059809+1.01(417-100]+0.53(T8,2-417)
Tg,2= 1868°F _ - .
Furtherdeterminationswillnotspprecidbl.yaffecthevalueof
Tg,z inthiscasebecausethechsngesinspectiicheatsaresmsZl.
‘g,a 5.sthenc~cul.atedfromequation(2)
‘gja=
The orddaate offigure
averagegastemperatureT=.
2C00+1868
2 = 19i4°3’
6 isthencalculatedusjngthis vslue for
~ andusing@ physicalpropertiesof
airatthist~erature “ –
( )Y = (1.0](34.4)0“m;f&7] (1.89)(1.33)= 32=8
Fromfigure6,We/@ = 0.054poundpersecondperfootend
Wc = O.054x%/3= 0.057poundpersecond.Furthercalculationsdonub
Improvethedeterminationappreciably;soa coolantflowof0.057pound
persecoti stherequirement.
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TABLEI - MCATIONal?TRERMOCOUPIES
FILM-COOLEDTUBE
ON4-IN2H-DIMMZ3R
E’
o
- — Center
Endviewoft- In~streeandirection
showingcircumferentialpositions
ofthermocoqpl.es
4
lineof tube
CircumferentialUxationof thermocouples- dlstencedownstream
position of coolentinjection
(in.)
1.
2
3
4
5
6
7
8
‘3to25,29,33} 7}41)45
5,9,13,17,21,25,29,45
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%ermcouples locetedat l-in.intervalsinthisrange=
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